Opinion is divided over whether the fluid responsible for the formation of high sulfidation epithermal deposits is a vapor or a liquid, and whether it is entirely volcanic or of mixed volcanic-meteoric origin. Observations made at Kawah Ijen, an active stratovolcano (mainly andesitic in composition) located in the Ijen Caldera Complex in Java, Indonesia, are used to address these issues.
Introduction
THE NATURE of the ore fluid in high sulfidation epithermal precious metal systems continues to be a topic of debate, in large part because researchers are forced to base their interpretations on observations made long after the hydrothermal activity that produced the deposits has ceased. Currently, opinion is divided over whether the ore fluid is a liquid or a vapor. The observation that the alteration of the volcanic rocks in these systems is the product of their interaction with an extremely acid fluid (Steven and Ratté, 1960) has led to a consensus that this fluid is a condensed vapor (Stoffregen, 1987; Hedenquist et al., , 1998 Arribas, 1995; Chouinard et al., 2005b; Mavrogenes et al., 2010; Berger and Henley, 2011; Berger, 2011, 2012) . However, as deposition of the ore minerals commonly postdates alteration (Gray and Coolbaugh, 1994; Ruggieri et al., 1997) , many researchers have concluded that the ore fluid is a liquid of volcanic or mixed volcanic-meteoric origin that was introduced later (e.g., Hedenquist and Lowenstern, 1994; Hedenquist et al., , 1998 Arribas, 1995) . This interpretation is strongly influenced by the widely held view that only a liquid can transport metals in concentrations sufficient to form economic deposits (Krauskopf, 1957 (Krauskopf, , 1964 . Nevertheless, there are some high sulfidation epithermal gold-silver deposits for which there is strong evidence that ore deposition accompanied alteration, thereby implying that the ore fluid may have been a vapor (Chouinard et al., 2005b; Mavrogenes et al., 2010; Voudouris, 2010; Berger and Henley, 2011; Henley and Berger, 2011) . There is also growing evidence that hydrothermal vapors may be able to dissolve metals in concentrations sufficient for them to become ore fluids (Heinrich et al., 1992 (Heinrich et al., , 1999 Migdisov et al., 1999; Archibald et al., 2001 Archibald et al., , 2002 Williams-Jones and Heinrich, 2005; Zezin et al., 2007 Zezin et al., , 2011 .
In many high sulfidation epithermal gold-silver deposits, the precious metals are concentrated due to saturation of the ore fluid with a mineral such as electrum, but in some deposits, the ore metals occur as microscopically invisible inclusions in pyrite or within the structure of this mineral (Chouinard et al., 2005a) . Deposits in which the precious metals are invisible in pyrite do not form through saturation of the fluid in a gold-or silver-bearing phase. Instead, the precious metals are incorporated in the pyrite through surface adsorption mechanisms, and their concentrations may be well below the levels required for saturation (Chouinard et al., 2005a; King et al., 2010) .
As high sulfidation epithermal systems are considered to form relatively high in the edifices of calc-alkaline stratovolcanoes, the craters of active examples of such volcanoes should provide excellent opportunities for gaining further insight into the processes by which gold and silver are transported and deposited in these systems. Kawah Ijen volcano in Java, Indonesia, is a particularly good location at which to gain such insight. The crater of this volcano, which is approximately 1 km in diameter, contains well-developed surface expressions of a magmatic-hydrothermal system, namely a solfatara field with high-temperature fumaroles, a hyperacidic lake, and an extensive area of acid-sulfate alteration. The alteration zone records a potentially long-lived hydrothermal system that was excavated to a depth of approximately 250 m by a phreatomagmatic eruption in 1817, which destroyed the solfatara field active at that time (Hengeveld, 1920 , as reported in van Hinsberg et al., 2010a) . Significantly, the current solfatara field is located within this alteration zone. As a result of the 1817 eruption, we have been afforded a rare opportunity to investigate the nature and origin of an altering and precious metal mineralizing hydrothermal system that has most of the characteristics of high sulfidation epithermal systems, i.e., zones of residual (vuggy) silica, intense alunitization, pyritization, and elevated concentrations of copper, silver, and gold. The purpose of this study is to carefully characterize the alteration and mineralization, reconstruct their evolution, determine the role of volcanic degassing in these processes, and use the observations that can be made to constrain a genetic model applicable to high sulfidation epithermal precious metal deposits.
Geologic Setting
Kawah Ijen is an active basaltic to dacitic stratovolcano located on the southeast rim of the Ijen Caldera Complex, East Java, Indonesia, which forms part of the Sunda volcanic arc that developed as a result of the subduction of the Indo-Australian plate beneath the Eurasian plate (Fig. 1) . Magmatism on Java is the result of the subduction of oceanic crust under thick and old continental crust (Katili, 1975) ; it is more basic than on Sumatra because of the thinning of the underlying crust toward Bali (Edwards et al., 1994) . The chemical affinity of volcanism on Java has shifted from that of island-arc tholeiites with minor K enrichment (Tertiary volcanic arc) to mainly calc-alkaline volcanism (Quaternary Sunda arc; Soeria- Atmadja et al., 1994) .
The Ijen Caldera Complex is a 20-km-wide, circular caldera depression that formed over 50,000 years ago as a result of the collapse of the Ijen stratovolcano (Hengeveld, 1920 , and Kemmerling, 1921 , as reported in van Hinsberg et al., 2010a Sitorus, 1990) . The caldera is bordered by a steep escarpment to the north (Kendeng caldera wall) and volcanic peaks in the north, east, and south (Gunungs Ringgih, Merapi, Ranteh, (Hamilton, 1979) . Djampit, and Suket; Fig. 2 ). Within the caldera, there are lacustrine deposits in the north (a large lake likely occupied the entire northern half of the caldera; van Hinsberg et al., 2010a) , and plains and smaller volcanic vents that form a roughly east-west lineament through the central-southern half of the caldera.
There are two types of volcanoes in the Ijen Caldera Complex: caldera rim and intracaldera volcanoes. Together with Merapi, a much larger flanking volcano, Kawah Ijen lies at the junction between the caldera rim volcanoes and the easternmost end of a linearly distributed group of intracaldera volcanoes (these volcanoes trend east-northeast-west-southwest across the caldera; Fig. 2 ). The caldera rim volcanoes erupt high-Ca magmas of basalt to basaltic andesite composition and the intracaldera volcanoes erupt low-Ca magmas of basaltic andesite to trachydacite composition ( Fig. 3 ; Handley et al., 2007) . The location of these volcanoes, i.e., along the caldera rim and on an ENE-WSW lineament through the caldera, suggests that there are structural controls of magma ascent in the caldera, e.g., ring faults and intracaldera faults that act as magma pathways. This is supported by the observation that the rocks of the rim and intracaldera volcanoes display distinctly different fractionation trends, which suggests spatial variations in chemistry that might be linked to subvolcanic structures and different reservoir depths (Handley et al., 2007) .
Kawah Ijen is unique in the caldera; it erupts both the highand low-Ca magmas, presumably due its location at the junction of the caldera rim and intracaldera volcanoes. Earlier studies by Sitorus (1990) and Berlo (2001) sampled 21 Kawah Ijen lava flows (Fig. 3 ). Of these, 14 are basaltic, one is basaltic andesite, five are andesitic, and one is dacitic. Tephra deposits (scoria, ash, pumice, bombs), volcaniclastic flows, and pillow lavas (only seen in the crater) are also present at Kawah Ijen.
Eruptive History
Kawah Ijen volcano is a composite cone, which reaches to a height ~2,400 m above sea level. The volcano entered a destructive phase at ~24,450 BP with a summit-disrupting explosion and a flow of lava to the south (Sitorus, 1990; Berlo, 2001) , and has continued in this phase to the present. The crater is nearly 1 km in diameter, and is host to an actively degassing rhyolite dome within a broader area of older, acid-sulfate alteration, and one of the world's largest hyperacidic (pH -0.2 to +0.5) crater lakes (BGVN 32:02; Delmelle and Bernard, 1994; Takano et al., 2004; van Hinsberg et al., 2010b) . Rock falls, which supply cations (through water-rock interaction), and fumaroles on the lake floor, which supply anions, control the lake water chemistry (van Hinsberg et al., 2010a) . Water from this lake and a deeper magmatic-hydrothermal system are the sources for thermal springs that emerge along the flanks of the volcano (Palmer et al., 2011) .
Several lava flows have descended into the crater, ranging in composition from basalt to dacite; the current dome comprises rhyolite glass that has cemented blocks of more basic material accumulated from the walls of the crater. One of these flows (dacite) on the southwest side of the crater has been interpreted to represent an old dome facies (van Hinsberg et al., 2010a) . In addition, there have been numerous pyroclastic flows and falls, most of which are fine to medium grained, although bombs of basaltic composition are locally observed. Evidence of reworking by fluvial processes is widespread. Most of the pyroclastic material has been altered through surficial exposure to acidic gases, largely destroying the primary mineralogy. The flows are generally vesicular and commonly plagioclase-phyric (the basalts also contain olivine and clinopyroxene phenocrysts) and comprise a groundmass of fine-grained plagioclase, clinopyroxene (basalt), hornblende (andesite and dacite), and minor K-feldspar (dacite) and quartz (dacite). Titanomagnetie and apatite (dacite) are common accessory minerals. Locally, pillows of andesitic composition, ranging from 25 cm to 3 m in diameter, are observed. These are interpreted to reflect extrusion of lava into the crater lake, sediments of which are preserved as thin clay beds at elevations up to 100 m above the present level of the lake. During the past two decades, the volcano has had numerous phreatic eruptions and produced air-fall deposits consisting of ash, larger fragments, and sulfur particles.
The earliest recorded eruption at Kawah Ijen was in 1796 (Hengeveld, 1920 , and Kermmerling, 1921 , as reported in van Hinsberg et al., 2010a . In 1789, a Dutch commander visited the crater and described it as being 180 m deep with a boiling lake that was releasing thick clouds of white smoke (Kemmerling, 1921 , as reported in van Hinsberg et al., 2010a . In 1817, the crater was visited by a local villager, who reported that the fumaroles were being exploited for sulfur and observed that the crater was 18 m deep. There was no crater lake. That same year, the volcano entered an eruptive phase, with the largest eruption occurring in late January when the crater floor was ejected and a 250-m-deep crater formed (Kemmerling, 1921 , as reported in van Hinsberg et al., 2010a . In 1820, the crater was again visited and a lake was reported (Kemmerling, 1921 , as reported in van Hinsberg et al., 2010a . Further phreatic eruptions occurred in 1952. The next recorded activity was in 1917, and was accompanied by a rapid decrease in water level in the lake following an earthquake in Bondowoso, Java (Hengeveld, 1920 , Kemmerling, 1921 , as reported in van Hinsberg et al., 2010a . In 1952, an ash and sulfur cloud rose above the crater (Venzke et al., 2012) and, in the 1990s and early 2000s, there were five small phreatic eruptions (Venzke et al., 2012) .
The current volcanic activity is centered on a small magmatic dome that is the site of numerous high-temperature fumaroles (Vigouroux-Caillibot, 2011) , and is located within an area of acid-sulfate alteration more than 500 m in diameter, which extends from the southeast shore of the crater lake toward the crater wall. The rhyolitic dome (van Hinsberg et al., 2010b ) is about 100 m in diameter and 20 m high, and is blanketed by native sulfur deposits. Fumarolic emissions vary in temperature from less than 200° to greater than 600°C. The presence of a large area of altered rocks and the active dome within it suggests that there has been long-lived hydrothermal activity in this part of the crater, and that the center of this activity (currently the active dome) has moved with time. The present location of the active dome at the western edge of the altered area and the fact that the alteration extends up to the dome suggest that there has been a westward migration of the hydrothermal system. Furthermore, the location of the active dome in the area of altered rocks indicates that the centers of extrusive and hydrothermal activity are coincident.
Methodology
Fieldwork for this study was conducted at Kawah Ijen volcano from July 16 to August 8, 2009, and August 3 to 15, 2010 , and involved collecting gas, condensate, and sublimate samples from the active dome, and rocks from the alteration center and active dome. The gases were collected in both closed and open systems; the open system sampled the condensable gases by condensing them to liquid and the closed system sampled the entire gas, including the incondensable fraction, using Giggenbach bottles (van Hinsberg et al., in prep.) . The fumarolic gases were analyzed at the University of New Mexico. A gas chromatographic system (GOW MAC), equipped with a thermal conductivity detector (TCD) and flame ionization detector (FID), was used to determine concentrations of H 2, Ar, N2, O2, H2, CO2, CO, CH4. Wet chemical methods involving the use of an automatic titrator, specific ion electrodes, and gravimetric techniques were employed to determine the concentrations of CO2, SO2, H2S, HCl, and HF. The concentrations of the major and trace elements in the condensates were analyzed using inductively coupled plasma-atomic emission spectroscopy (ICP-AES) and inductively coupled plasma-mass spectrometry (ICP-MS), respectively, by GeoLabs (Vancouver, B.C.).
Thin sections of fresh and altered rock were examined at McGill University with an Olympus BH2 microscope and a Hitachi S-3000N field emission gun scanning electron microscope (FEGSEM) equipped with an energy dispersive detector (EDS). These instruments were used to identify the minerals and textural relationships among them. As the altered samples are very fine grained and contain minerals that are difficult to identify, microscopic examination was complemented by X-ray diffraction (XRD) analyses conducted at the Université du Québec à Montréal and the Université du Montréal (Montréal, QC) on a Siemens D5000 and D8 Advance, respectively. Minerals were identified using DIF-FRAC plus EVA (Bruker ASX), and semi-quantitative mineral proportions were determined from Rietveld analysis using the program DIFFRAC plus TOPAS (Bruker ASX). The composition of alunite and pyrite was analyzed using a JEOL 8900L electron microprobe (EMP) at McGill University. Pyrite was also analyzed using laser ablation-inductively coupled plasmamass spectrometry (LA-ICP-MS) at the Geological Survey of Canada (GSC), Ottawa, and at the Université du Québec à Chicoutimi (UQAC), Chicoutimi. The LA-ICP-MS at the GSC comprises an Analyte.193 laser ablation sampler coupled to an Agilent 7700x quadrupole ICP-MS; at UQAC, the laser is an Excimer Resolution M-50 (Resonetics) and the ICP-MS is an Agilent 7700x. Major and trace element compositions of wholerock samples were analyzed by ICP-AES and ICP-MS, respectively, at ACME Analytical Laboratories (Vancouver, BC).
The operating conditions for electron microprobe analysis of alunite (K, Na, S, Fe, Ca, Al) were a 15-kV acceleration voltage, a 1-nA beam current, and a 20-μm spot size. The standards used in the calibration were natural albite for Na, synthetic Al 2 O 3 for Al, natural orthoclase (Cameca standard) for K, natural barite for S, and natural pyrope (Smithsonian standard) for Fe and Ca. Electron microprobe analyses of pyrite were limited to As, Cu, Fe, and S, and were carried out using a 20-kV acceleration voltage, a 3-nA beam current, and a focused beam. The instrument was calibrated for these elements using a synthetic arsenic standard, chalcopyrite (Cu), and pyrite (Fe, S). Detection limits were approximately 460, 215, 220, and 200 ppm for As, Cu, Fe, and S, respectively; uncertainties for Fe and S were less than 1% and uncertainties for As and Cu were approximately 40 and 75 ppm, respectively. After EMP analysis of pyrite, the carbon coating was removed and the samples were cleaned in an ultrasonic bath. They were then analyzed for Fe, S, Co, Ni, Cu, Zn, As, Se, Mo, Ag, Cd, Sn, Sb, Te, Au, Hg, Tl, Pb, and Bi using LA-ICP-MS. The internal standard was Fe in pyrite, which was measured by EMPA at McGill University. The operating conditions for the laser at the GSC were a 193-nm wavelength, 10-Hz repetition rate, 5-J/cm 2 energy density, and a pulse duration of 4 ns and, for the ICP-MS, the conditions were 1,150-kW forward power, 7-mm sampling depth, ThO + /Th + of <0.3%, and carrier (He) and makeup (Ar) gas flows of 0.6 L/min and 1.08 L/min, respectively. The data acquisition protocol was time-resolved, the scanning mode was peak hopping, 1 point per peak, 10-ms dwell time per isotope, 120-s analysis time, and the quadrupole settling time was 1 to 5 ms depending upon mass jump. The same operating conditions were used at UQAC, except that the repetition rate was 15 Hz, the forward power 1,250 kW, the sampling depth 3 to 4 mm, ThO + /Th + <1%, and the carrier (He) and makeup (Ar) gas flows 0.65 L/min and 0.85 to 0.95 L/min, respectively. The analytical procedure was also the same, except that dwell time per isotope was 5 ms, and the analysis time 90 s. Several samples, including two calibration standards and a synthetic pyrrhotite standard, which were used for quality control, were mounted in the sample cell. The United States Geological Survey (USGS) synthetic sulfide standard, MASS-1 (Wilson et al., 2002) , was the primary calibration standard. However, a USGS basaltic glass standard (USGS GSE-1G, Guillong et al., 2005) was used to extend the range of elements that could be analyzed quantitatively. The calibration standards were analyzed twice and the quality control standard once approximately every 20 analyses. Analyses were performed as spot ablations or as line ablations using nominal spot diameters ranging mainly from 21 to 69 μm, but spot diameters were as large as 138 μm where grain size permitted. The counts measured for the isotopes of the elements of interest were converted into concentrations using GLITTER™, an online data reduction program for LA-ICP-MS (Griffin et al., 2008) . The detection limit was approximately 100 ppb for As and Se, approximately 10 ppb for Cu, Ni, Zn, Te, and Hg, and less than 5 ppb for Mo, Ag, Cd, Sn, Sb, Au, Tl, Pb, and Bi. For each pyrite grain, the trace metals analyses were considered reliable if the concentrations measured were 1σ deviation above the detection limit.
Sulfur (δ 34 S, δ 33 S, and δ 36 S) isotope compositions of alunite-pyrite pairs were analyzed at McGill University on a Thermo-Finnigan MAT 253 dual-inlet IRMS; the precision of the instrument is 0.01‰. Samples of alunite and pyrite were crushed to a fine powder using a mortar and pestle and were then cleaned in a toluene bath in order to remove any relict native sulfur precipitated on the samples from the active dome. Sulfate and sulfide from alunite and pyrite were subsequently extracted from the sample using Thode (for sulfate) and chromium reduction solution (CRS) (for sulfide) reagents. Once sufficient sulfate and sulfide had been extracted from each sample, silver nitrate was added to convert the sulfur to silver sulfide for analysis in the mass spectrometer. The results are reported in δ notation relative to ViennaCanyon Diablo troilite (V-CDT) and the internal reference material was IAEA-S-1.
The Alteration Center
As mentioned earlier, the alteration center covers an area approximately 500 m in diameter, extending from the southeast shore of the crater lake toward the crater wall, and includes the active dome (Fig. 4) . Within this center, volcaniclastic rocks ( Fig. 5a ) of unknown initial composition and vesicular, plagioclase-rich lavas (Fig. 5b ), including pillowed varieties ( Fig. 5c ), have undergone intense acid-sulfate alteration that has left few relicts of the original mineralogy. The altered rock consists of variable proportions of alunite, natroalunite (the sodic, high-temperature end-member of the alunite group of minerals), cristobalite, quartz, kaolinite, dickite, diaspore, gypsum, and pyrite. Although cristobalite is metastable at the conditions of alteration, it commonly forms during acid-sulfate alteration, e.g., in the Nansatsu district, Japan , and Comstock district, Nevada (Hudson, 2003) . Gypsum, which fills fractures, is only seen near the lake shore and likely formed due to the evaporation of lake water. Native sulfur is also present in the altered rocks, although it is unclear whether it is part of the hydrothermal assemblage or infiltrated fissures during recent condensation of native sulfur originating from the active dome. The minerals listed above are also found in the altered rocks of high sulfidation epithermal precious metal deposits, i.e., cristobalite occurs in the residual silica facies, the assemblage alunite-natroalunite-pyrite forms the advanced argillic alteration facies, and kaolinite/dickite forms the argillic alteration facies.
Alunite is typically massive and very fine grained, having replaced volcaniclastic rocks, and less commonly occurs as bladed crystals, typically <20 μm in diameter (Fig. 6a) . Frequently, it is intergrown with pyrite in large masses that are exposed on a scale of meters or tens of meters ( Fig. 5d, e) , in which the two minerals are evidently in textural equilibrium (Fig. 6a) . Nonetheless, the distribution of the pyrite in these masses is quite heterogeneous (Fig. 5e ). Less commonly, alunite occurs as monomineralic masses or masses in which it is locally intergrown with cristobalite ( Fig. 5d , e). Alunite also forms veins that crosscut alunitically altered rocks. These veins generally contain pyrite and are commonly zoned with pyrite at their margins and alunite in their cores (Figs. 5f, 6a) . Kaolinite is locally present in the alunite-pyrite-bearing rocks, although it is not in textural equilibrium with these minerals (Fig. 6a) . Commonly, kaolinite replaces plagioclase phenocrysts in weakly altered rocks. Cristobalite occurs mainly as crystal aggregates and is commonly intergrown with pyrite ( Fig. 6b) . Pyrite occurs mainly in association with alunite. The grains are mostly subrounded cubes that range up to ~150 μm in diameter. In weakly altered rocks, it is evident that pyrite commonly replaced titanomagnetite.
The approximate proportions of minerals in the altered rocks, except for pyrite, were determined using Rietveld analysis (Appendix Table) of the XRD diffractograms. These data were used to create a map showing the distribution of the principal alteration minerals (Fig. 4) . Although alunite and natroalunite were distinguished on the basis of their chemical composition using electron microprobe analyses (they were also distinguished by their XRD peaks), and some crystals had close to end-member composition, most were of intermediate composition. Consequently, it was only possible to map the distribution of a single alunite phase. Cristobalite is the dominant mineral in the majority of samples, followed by alunite and kaolinite (Appendix Table) . The solid black lines in Figure 4 delineate areas in which the dominant mineral has been identified in a relatively large number of samples; mineral dominance in areas surrounded by dashed black lines is inferred based on a small number of samples. There are four relatively large areas of cristobalite predominance, three of which are surrounded concentrically by areas of alunite and kaolinite. There is an additional, albeit small, area of concentrically zoned cristobalite-alunite-kaolinite in the southeast part of the map. This area also includes three pyrite-alunite veins (KS09-P1, P2, P3).
Two rock samples were collected from the active dome. One of these samples (KS10-SFM-1) consists predominantly of alunite with less abundant kaolinite and cristobalite (64% alunite, 23% kaolinite, 13% cristobalite) and the other (KS10-SFM-2) is composed of nearly equal proportions of kaolinite and cristobalite and a relatively small proportion of alunite (45% cristobalite, 39% kaolinite, and 16% alunite; Appendix Table) . The active dome samples referred to above also contain a significant proportion of pyrite.
Mass changes accompanying alteration
From the previous section, it is evident that alteration of the volcanic rocks was accompanied by large compositional changes; these rocks now consist dominantly of cristobalite, alunite, kaolinite, and pyrite. In order to quantitatively evaluate these compositional changes, the bulk concentrations of major and trace elements in the altered rocks were compared to those of potential unaltered precursors. As all the rocks in the crater have undergone some alteration, the compositions of the unaltered protoliths are from samples collected outside the crater and analyzed by Berlo (2001) . Based on the compositions of unaltered Kawah Ijen volcanic rocks, the precursors to the altered rocks could have been trachydacites, andesites/ trachyandesites, or basalts (Fig. 3) . In order to identify the protolith, the concentrations of potentially immobile major and trace elements pairs in unaltered trachydacite, andesite/ trachyandesite, and basalt (Table 1) were compared to the corresponding concentrations of these elements in the altered rocks ( Table 2 ). Given that the ratio of an immobile element pair is, by definition, constant, a binary plot of these elements for altered and unaltered rocks should yield a linear distribution for a single protolith or, in the case of multiple protoliths, a set of lines that pass through the protolith compositions and the origin (Maclean and Kranidiotis, 1987) . Only the pairs Nb-Zr and TiO 2-Zr met these criteria and the scatter about the line was much smaller for Nb-Zr than for TiO2-Zr (Fig. 7a, b) ; in plots involving Al (commonly an immobile element), the data display a high degree of scatter, indicating that Al was mobile during alteration; Al was added in the volcaniclastic rocks and removed from the lavas (Fig. 8) . Somewhat surprisingly, the three potential protolith compositions (basalt, andesite, and dacite) all lie on the line defined by the altered rocks in the Nb-Zr plot (Fig. 7a) , suggesting that the phases controlling fractionation of these elements (probably titanomagnetite and zircon) were on the liquidus at the same time. Consequently, this plot could not be used to identify the precursor. By contrast, the compositions of the three potential protoliths are widely separated on a plot of TiO2 vs. Zr (Fig. 7b ) and, with a few exceptions, most of the altered samples lie close to a line passing from the origin through the composition of andesite/trachyandesite; a few of these samples plot close to the corresponding line for trachydacite.
Mass losses and gains were calculated by normalizing the concentration of all elements in the altered rocks to a constant Zr concentration corresponding to that of the unaltered andesite (Zr was selected because it is less mobile than Ti) or, Zr showing the compositions of altered and unaltered volcanic rocks from the Kawah Ijen crater. Both diagrams illustrate broad linear distributions of the data that pass through the origin, suggesting that the element pairs were immobile, and that their ratios were therefore unaffected by alteration. However, whereas the compositions of unaltered basalt, andesite, and dacite all form part of this linear distribution in (a), among these samples only, the composition of unaltered andesite is part of the distribution in (b). The latter distribution therefore identifies andesite as the protolith for most of the altered rocks. A few samples lie close to a line that passes from the origin through the composition of dacite, indicating that this rock was the protolith for some altered samples. Finally, none of the altered samples have compositions along a line passing from the origin through the composition of basalt, demonstrating that this rock did not act as a protolith for any of the altered samples. Abbreviations: Al = alunite, Cr = cristobalite, Kn = kaolinite. "Volcaniclastic" and "lava" refer to rocks with volcaniclastic or lava protolith. See the main text for further details. in a few cases, dacite (four altered samples were determined to have a dacite protolith). The absolute mass gain or loss of an element was determined from the difference between this corrected concentration and its concentration in the unaltered rock. Percent enrichment and depletion were also calculated. With a few exceptions, there were major depletions in all major element oxides and trace metals (Co, Ni, Cu, Zn, and Pb) in the three alteration facies of lava (Fig. 9a) . The exceptions were an enrichment in SiO 2 in the cristobalite facies (30%) and Fe 2 O 3 (30%) in the alunite facies, a somewhat stronger enrichment in Cu (46%) in the kaolinite/dickite facies, and strong enrichments in Pb in the cristobalite (141%) and kaolinite/dickite (95%) facies; for a few elements, the mass change in particular facies was close to zero. Like the lavas, the volcaniclastic rocks were depleted in most elements, and on a similar scale, with the important exception of the alunite facies (Fig. 9b) . This facies is marked by strong enrichments in Al 2O3 (202%), Fe2O3 (69%), K2O (163%), and P 2 O 5 (117%). As in the lavas, Pb enrichment was high in the cristobalite (79%) and, particularly, the kaolinite facies (287%) and, in addition, was also very high in the alunite facies (330%); Zn enrichment was significant in the cristobalite facies (49%), and Co enrichment in the alunite facies (22%).
Alunite chemistry
Most of the alunite grains were too small for reliable analysis with the electron microprobe (they were generally less than 20 μm in diameter) and, where large enough in plan view, they commonly were not thick enough to analyze reliably (many crystals were so thin that the polishing process had produced holes in them). Consequently, analyses were restricted to a small number of relatively thick, bladed crystals (Fig. 6a) . A total of 20 crystals were analyzed in two thin sections (KV08-204C, KV08-2). The crystals contain between 1.68 and 5.59 wt % Na, between 2.02 and 7.78 wt % K, <0.07 wt % Fe, and <0.3 wt % Ca (Table 3) . Except for five crystals, the K/Na weight ratio of the alunite is >1. Significantly, all the Na-rich alunite crystals (five crystals) occur in the same sample (KV08-2); five other alunite crystals in this sample are K rich; none of the crystals in this sample have intermediate compositions. This indicates that there were separate generations of natroalunite and alunite.
Pyrite chemistry
A total of 255 pyrite crystals in 11 thin sections were analyzed with the electron microprobe for Fe, S, As, and Cu (Table 4 ) and shown to contain detectable concentrations of these elements. Based on these results, a further 228 grains in 14 thin sections were analyzed for Co, Ni, Cu, Zn, As, Se, Mo, Ag, Cd, Sn, Sb, Te, Au, Hg, Tl, Pb, and Bi using LA-ICP-MS (Table 5 ). The analyzed grains were cubic or ovoid in shape, and ranged from ~20 to 138 μm in diameter. They were analyzed by spot ablation or by ablating across the polished surface of the grain.
Pyrite, both in disseminated form and in veins, contains detectable concentrations of all the trace metals analyzed. Moreover, their concentrations are independent of the mode of occurrence of the pyrite. Copper and As are the elements with the highest concentrations (up to 6,800 ppm and 3,430 ppm, and, on average, 1,335 ppm and 515 ppm, respectively). The contents of Se and Te are also relatively high, on average 113 ppm and 26 ppm, and up to 1476 ppm and 274 ppm, respectively. Most significantly for this study, the pyrite has detectable concentrations of Ag and Au. These reach up to 9.2 ppm and 192 ppb, and average 0.6 ppm and 20 ppb, respectively. Several metals, notably Mo, Bi, Pb, and Zn, produced large spikes in some of the laser profiles, likely reflecting the presence of inclusions of molybdenite, bismuthinite, galena, and sphalerite, respectively. These minerals were not found in thin section, probably because their grains are too small to observe even with an SEM. Considering that As, Cu, Te, and Se have been interpreted to control incorporation of Au and Ag in pyrite, the data for these elements were analyzed for interelement correlations (e.g., Chouinard et al., 2005a; Deditius et al., 2008) . From Figure 10 , it is evident that Au correlates positively with Cu, As, and Ag. Silver correlates positively with Cu and As, and Cu correlates positively with As (Fig. 11) .
Sulfur isotopes
The sulfur isotope composition of pyrite and alunite was analyzed in four samples (KS09-11A, KS10-VC7, KS10-13W, and KS10-SFM-1). Values of δ 33 S, δ 34 S, and δ 36 S for pyrite range from -0.02 to -0.03, -3.99 to -6.40, and -0.64 to -0.81, respectively; the average values are -0.02, -4.97, and -0.71, respectively. The corresponding ranges of δ 33 S, δ 34 S, and δ 36 S for alunite are -0.02 to -0.06, 18.02 to 21.74, and -0.05 to -0.60, respectively; they average -0.04, 19.28, and -0.41, respectively (Table 6 ). It should be noted that as natroalunite and alunite may both be present in the same sample (e.g., KV08-2, see above), it is possible that the isotopic compositions reported here for alunite represent compositions for a mixture of alunite and natroalunite.
Gas and Sublimate Composition
The composition of the volcanic gas collected from six fumaroles on top of the active dome (temperatures 330°-495°C) was analyzed for major and minor gas species. On average, there was 95.3 wt % H2O, 3.5 wt % CO2, 0.5 wt % SO2, 0.7 wt % H2S, 200 ppm N2, 113 ppm HCl, 2 ppm HF, 2 ppb He, 200 ppb H2, 1.8 ppm Ar, 0.2 ppm O2, and 100 ppb CH4 (Table  7) . In addition to sampling the fumarolic gases, the total SO2 flux from the crater (mainly from the active dome) was measured using a portable UV spectrometer (FLYSPEC; Horton et al., 2006) at the crater rim, and was determined to be ~250 tonnes/day (Vigouroux et al., 2009 ). However, as considerable native sulfur precipitates within the crater, likely as a result of the disproportionation reaction, 2SO 2 + 2H2O ↔ S + 2H2SO4, the initial SO2 flux was probably much higher. The condensed gases contain detectable concentrations of As (x -= 2.4 ppm), Cu (x -= 2.2 ppm), Ni (x -= 1.1 ppm), Cr (x -= 2.0 ppm), Pb (x -= 0.1 ppm), Zn (x -= 0.9 ppm), Se (x -= 1.6 ppm), and Te (x -= 0.4 ppm) ( Table 7) .
Quartz tubes were inserted into the high-temperature fumaroles in order to induce precipitation of minerals from the gases along their inner walls. The main phase precipitated was native sulfur. There were also subordinate to minor proportions of a variety of sulfate, sulfide, oxide, hydroxide minerals (e.g., alunite: KAl 3 (SO 4 ) 2 (OH) 6 , natroalunite: NaAl 3 (SO4)2(OH)6, diaspore: α-AlO(OH), and pyrite: FeS2), and halite, together with rare native bismuth.
Discussion Introduction
The crater of Kawah Ijen volcano is the site of an area of hydrothermal alteration measuring ~500 m in diameter, Major element oxides are reported in wt % and trace elements in ppm; n.d. = not detected which has many of the characteristics of the acid-sulfate alteration associated with high sulfidation epithermal precious metal deposits. In addition, pyrite, which is part of an alunite-pyrite alteration facies and also occurs in veins, has elevated concentrations of copper, arsenic, silver, and gold. The altered area was exposed following a phreatomagmatic eruption in 1817, which destroyed an active solfatara field located directly above the area of altered rocks that is now the site of an actively degassing dome. This spatial association of the altered rocks with a paleosolfatara field and an actively degassing dome provides direct evidence that the alteration has been the product of long-lived interaction of the rocks with condensed volcanic gases. Moreover, as the copper, silver, and gold are hosted by pyrite, which formed contemporaneously with advanced argillic alteration (alunite), it also follows that the volcanic gases were responsible for metal transport.
In the sections that follow, we evaluate the physicochemical conditions that accompanied the alteration, the processes that brought about this alteration, and the mechanisms that led to the concentration of Cu, Ag, and Au. Based on this evaluation, we develop a model that explains the alteration and associated metallic mineralization and, in turn, contributes new understanding of the genesis of acid-sulfate/high sulfidation epithermal systems.
Pressure-temperature
Reliable estimates of the pressure attending alteration can be made using the observation that the altered rocks are located approximately 250 m below the pre-1817 crater floor. Assuming purely lithostatic conditions, the pressure corresponding to this depth is approximately 75 bar and, assuming purely hydrostatic conditions, it is approximately 25 bar. For the purpose of further discussion, we have assumed that the pressure was intermediate between lithostatic and hydrostatic, i.e., 50 bar.
Insight into the probable temperature of alteration is provided by measured temperatures of the fumaroles on the active dome. These temperatures range from <200° to >600°C, but are mostly in the range 250° to 350°C. Additional insight is provided by the stability of the alteration minerals. For example, kaolinite transforms to dickite in the range of 110°t o 165°C (Fialips et al., 2003) and kaolinite and quartz break down to pyrophyllite at a temperature of <260°C at the pressures considered in this study (Hemley et al., 1980 Notes: Analyses were performed using LA-ICP-MS; n.a. = not analyzed; n.d. = not detected presence of dickite and absence of pyrophyllite imply that the temperature of argillic alteration was between 110° and 260°C. As alunite and pyrite have been shown to be in textural equilibrium (euhedra of the two minerals occur in contact; Fig. 6a) , and isotopic equilibrium was demonstrated by the high degree of correlation between δ 34 S and δ 33 S in samples of the two minerals (within error, Δ 33 S values are the same for both minerals; Farquhar and Wing, 2003) , it was possible to estimate the temperature of advanced argillic alteration directly from the sulfur isotope fractionation between these minerals. The alunite-pyrite geothermometer of Ohmoto and Rye (1979) yielded temperatures ranging from 200° to 302°C; the average temperature estimated for these samples is 249°C; however, three of the four samples analyzed yielded temperatures between 200° and 243°C (Table 6 ). Based on the above discussion, we conclude that the pressure and temperature conditions of alteration were approximately 50 bar and 225°C, respectively. c. Temperatures were calculated based on the geothermometer of Ohmoto and Rye (1979) fO 2 and pH Oxygen fugacity and pH were estimated by evaluating stability relationships among the principal alteration minerals, assuming conservation of alumina (some error will have been introduced because of the demonstrated mobility of Al; Fig.  8 ) and saturation of the system with silica (cristobalite). The values for the total sulfur content (ΣS) and the concentration of K + were taken to be 0.14 m and K + 0.0002 m, based on the composition of the volcanic gas sampled at fumaroles (the measured mass proportions of the condensed gases were converted to molality). Thermodynamic data for the minerals, aqueous species, and water were taken from the HCh Unitherm database (Helgeson et al., 1978; Johnson et al., 1992; Robie and Hemingway, 1995; Shock et al., 1997; Holland and Powell, 1998; Stoffregen et al., 2000) . The pressuretemperature conditions used in the calculations were 50 bar and 225°C. Using the above assumptions and data sources, a log fO 2 -pH diagram (Fig. 12) showing the stability fields of pyrite, pyrrhotite, hematite, magnetite, native sulfur, alunite, kaolinite, muscovite, and K-feldspar was constructed.
The pH and f O 2 conditions at which the advanced argillic and argillic alteration zones formed can be inferred from the stability fields for the corresponding minerals. Although the conditions of formation of residual silica cannot be estimated directly, the pH needed to leach elements, including Al, can be assumed to have been less than that of alunite-pyrite stability. It can likewise be assumed that kaolinite formed at 1112 SCHER ET AL.
0361-0128/98/000/000-00 $6.00 1112 Major species g/kg gas g/kg gas g/kg gas g/kg gas g/kg gas g/kg gas g/kg gas g/kg gas Minor and traces mg/kg gas mg/kg gas mg/kg gas mg/kg gas mg/kg gas mg/kg gas mg/kg gas mg/kg gas Trace elements μg/kg gas μg/kg gas μg/kg gas μg/kg gas μg/kg gas μg/kg gas μg/kg gas μg/kg gas higher pH than alunite-pyrite. From Figure 12 , it is evident that the assemblage alunite-pyrite is stable at a pH between -0.8 and +3.7 and a log f O 2 between -30.8 and -35. However, as the pH of the condensed fumarolic gases is ~-0.5, and these gases likely record the fluid-buffered pH, it is reasonable to conclude that this value represents the lowest pH attained during alteration, i.e., that of residual silica alteration. The advanced argillic alteration must have occurred at higher pH, and argillic alteration at even higher pH; kaolinite and dickite are stable from a pH <6.07. The overall conclusion from this analysis of the alteration is that conditions were extremely acidic, as low as -0.5, and very oxidizing, above those of the hematite-magnetite buffer.
Fluid-rock interaction
We consider the extreme leaching represented by the cristobalite zones mapped in Figure 4 to be the product of a condensed vapor similar in composition to the gas currently being expelled at the active dome. These zones are therefore interpreted to represent conduits for condensing vapors, around which the fluids interacted with the rock at progressively lower fluid/rock ratio and temperature and correspondingly higher pH to produce proximal alunite-pyrite and distal kaolinite alteration zones (Fig. 4) .
The fluid-rock interaction led to the removal of Al, Fe, Mg, Ca, Mn, Na, K, P, Co, Ni, and Cu from the residual silica (cristobalite) zone and the addition of Al, Fe, K, P, Co, and Pb in the alunite-pyrite alteration zone, Co, Cu, and Pb in the kaolinite alteration zone, and Zn and Pb in the residual silica zone; other elements either were leached in these latter zones or underwent no significant mass change (Fig. 9) . The rocks that experienced mass gain were predominantly of volcaniclastic origin (exceptions are restricted to a mass gain in Fe in alunite-pyrite-altered lavas, Cu and Pb in kaolinite-altered lavas, and Si and Pb in cristobalite-altered lavas). The considerable enrichment in Al, Fe, K, and P in volcaniclastic rocks of the alunite-pyrite zone and their depletion in the residual silica zone provide clear evidence of the mobilization of these elements from the latter zone into the alunite-pyrite zone, where they were redeposited as alunite and pyrite (Fe), largely as a result of the higher pH that accompanied the lower fluid/rock ratio. The lack of a similar enrichment in the kaolinite zone indicates that the alunite-pyrite zone was an effective sink for these elements, and that the activity of species involving them was therefore low in fluids entering the more distal kaolinite facies. Significantly, the large enrichment in Al, Fe, K, and P in volcaniclastic rocks of the alunite-pyrite zone was not duplicated by lavas subjected to alunite-pyrite alteration. The reason for this is not clear, but it may reflect the very much lower porosity and permeability of the lavas compared to the volcaniclastic rocks. The reason for the addition of Si to the lavas is also not clear, but this may reflect saturation of cristobalite during condensation of the volcanic gas and the fact that the solubility of silica is independent of pH.
The behavior of the ore metals, Cu, Zn, and Pb, is curious. As might be expected, Pb was added to all alteration zones and its concentration was highest in the alunite-pyrite and kaolinite zones (much of the Pb added from the fluid in the residual silica zone would have been remobilized to the surrounding alteration zones). However, it is surprising that Zn and, particularly, Cu were not added to the alunite-pyrite zone. We believe that this is because we removed the pyrite from the rock prior to analysis. This pyrite probably contained most of the Cu that was added to the alunite-pyrite zone, and likely much of the Zn (large spikes in Zn were observed during LA-ICP-MS analyses of pyrite and are attributed to sphalerite inclusions). We therefore believe that there was a large transfer of Cu and a small transfer of Zn (absolute Zn concentrations in all bulk rocks are very low; Table 1 ) from the fluid to the rock, and that this occurred largely in the alunitepyrite zone, where conditions were appropriate for the deposition of pyrite. The large addition of Pb to both the alunitepyrite and kaolinite alteration zones indicates that it was concentrated in a mineral other than pyrite; alunite, which has been reported elsewhere to contain significant Pb (Dill, 2003) , is a possibility for the alunite-pyrite zone.
In order to better understand the effects of progressive fluid-rock interaction on the changing alteration mineralogy (cristobalite, alunite, dickite, and pyrite), the alteration process was numerically simulated by adding ~1-mmol aliquots of aqueous liquid with the composition of the condensed fumarolic gas to 1 kg of rock with the composition of Kawah Ijen andesite and dacite (separate simulations). The system was brought to equilibrium after the addition of each aliquot of liquid (the compositions of the fluid and rocks are reported in Table 8 ). The simulation was carried out using HCh modeling software (Shvarov, 2008) and assumed a pressure of 50 bar and a temperature of 225°C (the thermodynamic data sources for the minerals were Robie and Hemingway, 1995; Holland and Powell, 1998; Stoffregen et al., 2000;  for the aqueous species, data were taken from Robie et al., 1978; Robie and Hemingway, 1995) . As cristobalite is metastable at the assumed conditions of alteration, it was replaced by quartz in the simulation.
Results of the fluid/rock interaction model are presented in Figure 13 , and illustrate the alteration of andesite (Fig. 13a) Table 7 ). Thermodynamic data for the minerals were taken from Holland and Powell (1998), Stoffregen et al. (2000) , Helgeson et al. (1978) , and Robie and Hemingway (1995) , and for the aqueous species from Johnson et al. (1992) and Shock et al. (1997) . The green area identifies the conditions at which alunite and pyrite can coexist. See the main text for further details.
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and dacite (Fig. 13b) in plots of the number of moles of secondary minerals produced as a function of reaction progress (the number of aliquots with which the rock has reacted). As fluid was added to rock, the fluid/rock ratio increased with reaction progress. Consequently, conditions at the conduit (i.e., the residual silica or cristobalite zone) are represented by the right side of the diagrams, and those most distal from it (i.e., the kaolinite/dickite zone) by the left side.
According to the above model, and consistent with field observations and Rietveld analysis of X-ray diffractograms, quartz (cristobalite) was the dominant mineral to crystallize in the residual silica zone (Fig. 13a, b) . It was also the dominant mineral in the other zones, although, as expected, its proportion decreased progressively through the alunite-pyrite and kaolinite zones. Somewhat surprisingly, kaolinite and alunite were also predicted to form in the residual silica zone and, even more surprisingly, kaolinite was predicted to form in even greater proportions than alunite. However, the predicted proportions are very much smaller than those of quartz, and both these minerals are observed in small proportions in Rietveld analyses of the X-ray diffractograms for samples from the residual silica zones. Very surprisingly, the proportions of alunite and kaolinite predicted to form at more advanced stages of alteration remain low. On the other hand, as expected, alunite formation was predicted to be restricted to very low pH values in both andesite and dacite, i.e., from -0.5 (the starting pH of the fluid) to 1.7. Kaolinite (also as expected) was predicted to persist to relatively high pH values.
The model predicted pyrite to form only after fluid-rock interaction had raised pH to a value of 0.41 in andesite and 0.89 in dacite. This is because aH 2 S was initially too low to permit pyrite to form and had to increase to higher values by buffering the fluid at lower f O 2 through reaction with ferrous iron in the rock. Indeed, the relatively high content of ferrous iron in andesite relative to dacite explains why pyrite formation occurred earlier in the andesite than in the dacite. Although pyrite was predicted to form at significantly higher pH than the starting pH of the fluid, this pH is nevertheless very low and reflects conditions for which leaching would have been dominant, i.e., conditions favorable for the formation of residual silica alteration. This predicted formation of pyrite at low pH is consistent with the observation that, despite its much greater importance in the alunite-pyrite alteration facies, pyrite is also commonly observed in textural equilibrium with cristobalite. The model successfully predicts the observed overlap of alunite and pyrite. However, the predicted proportions of both minerals are considerably lower than was expected from the observation that these are the dominant minerals in the alunite-pyrite zone. Moreover, the model predicts a considerable overlap of pyrite with kaolinite, whereas pyrite is only a minor phase in kaolinite-altered rocks.
In summary, the model successfully predicted formation of the main alteration minerals quartz (cristobalite), alunite, pyrite, and kaolinite, and although it partly explained their distribution in the different alteration facies, it greatly overestimated the abundance of quartz in the alunite-pyrite and kaolinite zones. Most importantly, it failed to explain the dominance of alunite and pyrite in the alunite-pyrite zone and the increasing abundance of kaolinite with increasing buffering of the fluid by the rock. We believe these inconsistencies 1114 SCHER ET AL.
0361-0128/98/000/000-00 $6.00 1114 13 . A plot of the moles of minerals produced versus reaction progress (measured by the number of aliquots of fluid added to the rock), based on a simulation of the interaction of condensed vapor with andesite (a) and dacite (b) at a temperature of 225°C and 50-bar pressure. The simulation was carried out using HCh modeling software (Shvarov, 2008) . Thermodynamic data for pyrite were taken from Robie and Hemingway (1995) , for quartz and kaolinite from Holland and Powell (1998) , and for alunite from Stoffregen et al. (2000) . Corresponding data for the aqueous species HCl, H2S, and SO2 were taken from Robie and Hemingway (1995) , and for H2O and CO2 from Robie et al. (1978) . One-mmol aliquots of fluid were added progressively toresult from our assumption of a constant temperature and the very narrow range of f O 2 over which alunite and pyrite are stable (Fig. 12) . Our temperature measurements of individual fumaroles showed that temperature could vary by more than 100°C over a period of hours to days. Furthermore, fluid fluxes varied greatly from one fumarole to the next. These variations make it likely that the field of stability of alunitepyrite varied considerably in size and that, in turn, conditions may have favored alunite-pyrite formation more strongly than predicted by a fixed set of starting conditions. Finally, we note that temperature would have decreased as the fluid moved from the residual silica conduit to the proximal alunite-pyrite zone and, particularly, the distal kaolinite zone. Nonetheless, we cannot rule out the possibility that the failure to predict high concentrations of alunite and pyrite and an increase in kaolinite formation with decreasing fluid/rock ratio may be an artifact of the thermodynamic data employed in the model.
Transport and deposition of metals
In addition to altering the rocks at Kawah Ijen, the condensed vapors also served as the agent for metal transport (concentrations of Cu and As in condensed fumarolic vapors sampled at the active dome reached 3 ppm and 3.8 ppm, respectively; Table 7 ). We propose that the metal-bearing vapors transported Au, Cu, and Ag as hydrated sulfide or chloride gas species and condensed ~250 m beneath the floor of the pre-1817 crater. Given the extreme acidity of the condensed liquid, the metal speciation in this fluid is likely to have been dominated by negatively charged or neutral species, e.g., AuCl 2 -or AuHS o in the case of gold (Stefánsson and Seward, 2003, 2004; Williams-Jones et al., 2009) .
Although Au-, Ag-, and Cu-bearing phases were undersaturated in the condensed liquids, these metals were able to concentrate in the rocks by adsorbing onto the surface of the growing pyrite crystals in the alunite-pyrite alteration zone. Adsorption was facilitated by the uptake of As, which caused pyrite crystals to develop p-type semiconductive properties (Prokhorov and Lu, 1971; Mironov et al., 1981; Starling et al., 1989; Möller and Kerten, 1994) . The negatively charged species would have been attracted to the positively charged pyrite surfaces, and the metals incorporated in the pyrite. This could have occurred either by electrochemical reduction of the positively charged metal in the species to form native metal or nanoparticles or, perhaps, through coupled substitution of Cu + , Ag + , and Au + with As 3+ for Fe 2+ . Neutral species would have been in more random contact with the pyrite surfaces, but, once there, the incorporation mechanisms would have been the same. The positive correlation of Cu, Ag, and Au concentrations in pyrite with that of As (Figs. 10, 11) can be explained by both these mechanisms. However, the coupled substitution mechanism, although satisfactorily explaining the uptake of Ag and Au, does not explain that of Cu. The extreme enrichment in Cu (up to 6,800 ppm) and the much lower concentration of As (up to 3,430 ppm) make it more likely that Cu would have been incorporated as Cu 2+ through direct substitution for Fe 2+ , as suggested by Chouinard et al. (2005a) .
Model for alteration and pyrite enrichment at Kawah Ijen
Highly acidic and oxidizing volcanic vapors exsolved from a magma body at depth were responsible for the acid-sulfate alteration and high sulfidation mineralization exposed in the crater of Kawah Ijen volcano. Upon reaching the epithermal environment (at a depth of 250 m or a pressure of 50 bar), the vapors condensed at a temperature of ~225°C, generating a highly acidic liquid (pH ~-0.5), which subjected the dominantly andesitic volcanic rocks to extreme leaching and left behind a residue of silica around the fluid conduits. Only Ti, Zr, and Nb were immobile in the residual silica rocks of the conduit. Alunite-pyrite alteration developed proximal to these conduits, and kaolinite alteration distal to them as a result of the interaction of the fluid with the rock at progressively lower fluid/rock ratios, which buffered the pH of the fluid to progressively higher pH. Elements like Al, Fe, K, and P, which were leached in the immediate vicinity of the conduits, were redeposited in the adjacent alunite-pyrite zone as a result of the increase in pH.
The magmatic vapors also transported Cu, Ag, and Au from the magma body at depth, as either hydrated sulfide or chloride species; arsenic, which is known to have very high volatility, was probably transported in elemental state (Williams-Jones et al., 2002) . Gold-, silver-, and copperbearing solids were undersaturated in the condensed vapors, but these metals were able to concentrate in the rocks (alunite-pyrite zone) through adsorption as negatively charged or neutral species onto the surfaces of growing pyrite crystals, which had acquired p-type semiconductive character due to incorporation of As. Once adsorbed, the metals were incorporated into the pyrite as native metal nanoparticles formed as a result of electrochemical reduction of the positive charge of the metals in the adsorbed species, or into the pyrite structure via coupled substitutions with As for Fe in pyrite and, in the case of Cu, through direct exchange for Fe.
Conclusions
The results of this research provide evidence that magmatic vapors, which are generally considered responsible for acid-sulfate alteration in high sulfidation epithermal Cu-AuAg ore deposits, can transport significant concentrations of ore metals. Although the gold and silver concentrations are well below the levels that would be deemed economic (gold concentrations in pyrite reached a maximum of 192 ppb and averaged 20 ppb, and Ag concentrations reached 9.2 ppm and averaged 0.6 ppm), it should be noted that the mineralization was formed at very shallow depth. Indeed, there is every reason to believe that, if the mineralization had formed at a somewhat greater depth, the vapor would have been of higher density and able to transport significantly more metal (Williams-Jones and Heinrich, 2005) . Under such conditions, it is reasonable to conclude that the resulting deposit could have had substantially higher concentrations of metals. Irrespective of whether there is gold-silver mineralization of economic grade at any depth below Kawah Ijen, the study provides incontrovertible evidence that magmatic vapors are capable not only of producing the acid-sulfate alteration accompanying high sulfidation precious metal deposits, but also of transporting the metals needed to form these deposits. Passively degassing volcanoes such as Kawah Ijen should therefore be viewed as the surface expressions of high sulfidation epithermal systems. 28 
